The transfusion of unsafe blood worldwide accounts for 5 to 15% of new human immunodeficiency virus (HIV) infections, most of which occur in sub-Saharan Africa. While developed countries now apply PCR testing of pooled samples, some developing countries still do not have universal screening policies. More efficient low-cost procedures for the screening of pooled samples have the potential to encourage mass screening efforts in resource-poor settings. The aim of this study was to estimate the delay in the detection of HIV antibodies in pooled serum samples compared to that in singleton serum samples by enzyme-linked immunosorbent assay (ELISA) and to evaluate the risk of transfusion-transmitted HIV infection during the window period. Serial blood samples obtained from five HIV seroconversion panels were mixed with HIV-seronegative blood samples to create pools of 6, 12, 16, 24, 32, and 48 samples. The delay in detection of the first anti-HIV antibody-positive sample in tests with pooled samples was calculated for each pool size and compared to that obtained by testing of singleton samples and statistically evaluated by a robust log-linear regression analysis. The risk of a false-negative (FN) result caused by dilution was estimated by use of the incidence risk/window period model. The additional risk of transmission related to ELISA screening of pooled samples for HIV did not exceed 9% of the current risk of an FN result (estimated to be 1/1,067,000). The countries with virus prevalence rates in donors of less than 15% are expected to save up to 30% in the number of tests. ELISA screening of pooled samples could be considered in settings where the testing of blood supplies for HIV is not routinely done.
Transfusion of unsafe blood worldwide accounts for 5 to 15% (13, 16, 26, 27) of the 80,000 to 160,000 new human immunodeficiency virus (HIV) infections each year (according to a World Health Organization [WHO] assessment [18, 29] , 70% of these new cases occur in sub-Saharan Africa).
Universal screening of blood donations in developing countries, as is successfully performed in industrialized countries, could significantly prevent HIV transfusion-related transmission. Efforts to decrease the risk of HIV-infected blood transfusions resulted in an impressive drop in risk, ranging from 1:500,000 donations to 1:1,067,000 donations (8) . Unfortunately, the situation in developing countries is far from being that successful. While industrialized countries are on their way to converting the method of routine screening for anti-HIV antibodies to nucleic acid tests (NATs), not every health care system in a developing country can afford the simple and relatively inexpensive antibody-based assay as a routine test for all blood donations (11, 25, 27) . The assay used is usually the enzyme-linked immunosorbent assay (ELISA), designed for the detection of antibodies in serum and characterized by high levels of analytical sensitivity and specificity (approaching 100% for verified HIV-positive samples) (7) . Two additional advantages of ELISA over the NATs are its comparatively low cost (about $4 to $5 per individual test) and the logistical simplicity of application for widespread screening. The only important disadvantage of this test is a relatively long seroconversion window period (21 to 22 days, on average) (4, 10) compared to the 11-day-long window period for NATs (10) .
Screening for HIV in serum pools, that is, simultaneous testing of multiple blood donations, could significantly reduce the cost of the screening procedure by reducing the number of tests needed. This approach could present a realistic solution for countries which are currently performing only partial screening of blood donations, if any (1, 7, 11, 21, 23, 25, 27) .
Screening of serum pools for HIV was studied in the past. In 1989, two groups of researchers, Kline et al. (15) and CahoonYoung et al. (5) , came to the conclusion that testing for anti-HIV antibodies in pool sizes of 10 (5, 15) and 15 (15) with an immunoassay kit does not reduce the sensitivity of the screening procedure, when singleton testing is assumed to be the "gold standard." These experiments were performed with samples which had been found to be positive for anti-HIV antibody by testing of singleton samples. To the best of our knowledge, the blood samples obtained during the seroconversion window period were never tested in pools. Although the findings from previous studies showed no decrease in sensitivity when diluted anti-HIV antibody-positive samples were tested, this cannot be applied directly to blood units donated by recent seroconvert-ers. These samples are frequently referred to as "weak positives," due to their low ELISA readings, and, therefore, are vulnerable to any dilution. If this is true, pooled screening has the potential to extend the window period. Additional risk due to the window period arises if developing countries are considered. In these epidemic regions, an increased risk of transfusion-transmitted HIV is expected, as shown by mathematical prediction (19) . This study aimed to (i) estimate the possible delay of anti-HIV antibody detection in pools by ELISA testing of seroconversion panels and (ii) to estimate the risk of HIV transfusiontransmitted infection if serum samples are tested in pools compared to that if singleton serum samples are tested during the window phase.
MATERIALS AND METHODS

Materials.
Five HIV seroconversion panels were used (panels PRB929A, PRB924, PRB951, PRB952, and PRB959; Boston Biomedica Inc.
[BBI]) and were purchased from the BBI 1999-2001 catalog. The panels included six to nine blood samples which were taken in the time interval of a minimum of 16 days to a maximum of 40 days since the first blood sample was obtained.
These panels provide a series of blood samples taken before and after seroconversion. The anti-HIV antibody-negative samples used for the assembly of the pools were obtained from the routine work of the Magen David Adom Blood Services. The tubes with panel blood samples and the anti-HIV antibody-negative samples used for dilution were kept at Ϫ70°C.
Pooling and testing procedures. Pooling was performed manually. Blood samples from all bleeding days present in each HIV seroconversion panel were added to pools with 6, 12, 16, 24, 32, and 48 serum samples. Each pool contained 1 sample from the panel and 24 different negative samples in the volumes that corresponded to the required pool sizes for the study. Considering that testing of pooled samples has the best potential for implementation in small laboratory setups, the testing was performed with Axsym and IMx machines (Abbott Laboratories), which are frequently used in small laboratories. These two machines are identical in their technical performance characteristics, with the exception that Axsym is an almost automatic device and IMx is managed manually. For each seroconversion sample, testing was performed for both singleton and pooled samples and was repeated in duplicate. The sample/cutoff ratio (S/CO) level used in this analysis was equal to 0.8.
Accuracy and risk evaluation. For each pool size and each seroconversion panel, the delay in the time to detection of the first anti-HIV antibody-positive sample for testing of pooled samples was compared to that for testing of singleton samples.
A log-linear robust regression analysis was performed to obtain a statistical estimate of the delay in the time to detection of anti-HIV antibodies in pooled samples compared to that in singleton samples in terms of the 95% confidence interval (CI) by using all datum points available. The model assumed that the log of the S/CO value was a quadratic function of the time since seroconversion. Robust estimates of the variance adjusted for possible correlations among measurements for a specific seroconversion panel. The estimated delay time was established when the predicted S/CO value crossed the threshold value of 0.8. The data were analyzed by using the STATA 8 package. The estimate of the delay obtained was modified into the risk of a false-negative (FN) result caused by dilution. This calculation was based on the incidence risk/window period model (12) . The reference estimate of the risk of transmitting an HIV infection associated with the use of blood from a donation was the evaluation made for the American Red Cross screening data by Dodd et al. (8) . According to their findings, the risk of transfusion transmission of the virus in the case of a single ELISA screening for HIV is 1:1,067,000.
The applicability of the pooling method was assessed by computing the relative savings obtained from implementing screening in different pool sizes. The calculation was done as follows: expected percentage of tests saved ϭ [(number of samples in pool Ϫ expected number of tests in pooling procedure)/number of samples in pool] ϫ 100, where the expected number of tests in the pool was calculated on the basis of a binomial distribution with the parameters Binom-(number of samples in pool, prevalence) multiplied by (1 Ϫ specificity).
In subsequent analyses, the overall cost differential for the cost of testing of pooled samples compared to the cost of testing of singleton samples was calculated, assuming prevalence rates as reported for some countries, where screening of pooled samples was found to be beneficial in terms of the "expected percentage of tests saved." The rates of seroprevalence of HIV in the general population were used as the upper limit of the HIV prevalence in the donor population, since the rate in the general population is generally considered higher than that in donors. For instance, in Zimbabwe, the prevalence rates in the general and the donor populations were estimated by WHO to be 25.8% and 0.7% to 2.3%, respectively (9) .
We also assumed that the approximate cost of one ELISA is $4.80 (22) and that the equipment, labor, and other overhead expenses needed to conduct screening of pooled samples do not exceed the expenditures for the procedure with singleton samples. The total annual savings from screening of pooled samples can be assessed by multiplying the number of units collected annually by the expected percent savings per unit, multiplied by the cost of one test.
We further estimated the overall number of HIV infections prevented by screening of pooled samples compared to the number prevented by incomplete screening of singleton samples. This computation was carried out as follows: the estimated proportion of new HIV infections due to transfusion of an infected blood unit was assumed to be 5 to 15% (13, 16, 27) for the African countries and 2.01% for India (3) , given the present number of blood units screened (and assuming that HIV screening is performed partially). The increase in the number of units tested by a factor of X is supposed to reduce the number of new infections by the same factor X (assuming that this relationship is linear).
The estimate of the prevalence of a virus in a donor population is the most restricting factor in such an analysis and, therefore, needed special attention. The seroprevalence in the donor population in developing countries ranges from 2 to 10%, and is frequently based on nonverified data (6, 9, 20) . Taking into account the high degree of accuracy of an ELISA with a singleton samples and the relatively high prevalence of HIV, the prevalence based on verified rates is expected to be close to the reported values, and therefore, the latter are used in the current analysis of the applicability of the method.
This study was approved by the local institutional review board (IRB no. 03826).
RESULTS
The results of ELISA testing for anti-HIV antibodies in pooled samples of five seroconversion panels are summarized in Table 1 . Table 1 shows the time interval (in days) between the first day that a positive ELISA result was obtained for a single sample and the bleeding day with a positive result for each pool size. This time interval is actually the delay in the time to detection of a positive sample caused by testing of a sample in a pool instead of testing of a more concentrated singleton sample. The results are based on the average of duplicate ELISAs.
According to the data presented in Table 1 , we can conclude that pools of 6 and 12 samples are associated with a maximum delay of 5 days in detecting the first positive sample (see panel 959 for pools 6 and 12 samples). Larger pools (consisting of 16, 24, 32, and 48 samples) cause delays of 0, 4, 5, and 7 days (and even more than 7 days, which is assigned a value of Ͼ7 in Table  1 ), respectively, compared with the delay encountered by testing of a singleton sample. Table 2 shows the delay in the time to detection of the first positive sample (with 95% confidence intervals estimated by regression analysis) and the risk of infection transmission due to screening of pools. Thus, if the window period increases by 5%, then the risk of transmission of the infection via a blood donation is expected to grow by the same percentage.
The findings shown in Table 2 indicate that, as expected, the delay in the time to detection of the first positive sample increased with the pool size. For all pools with equal to or less than 24 samples, the upper limit of the confidence interval of the estimated time to delay of detection of a positive pool did not exceed 2 days.
The additional risk of HIV transmission caused by screening of samples in pools compared to that by screening of a singleton sample did not exceed 9% of the current risk of an FN result (equal to 1/1,067,000). On the basis of a comparison of the 95% CIs around the estimated risk of transmission calculated for the Axsym and the IMx systems, these two systems are characterized by statistically different parameters of safety. Nevertheless, both of them achieve an extremely low level of a risk of transmission, so that even for pools with 48 samples, the estimate of the risk is less than 0.00000110. The report of the risk of transfusion-transmitted HIV for developing countries is very high and inaccurate (28) . The relative increase in the window period obtained in this study (maximum of 9%) can be applied directly to the risk of an FN result because the donor is in the seroconversion stage, whenever a reliable estimate is reported. Figure 1 shows the results of the calculation of the relative savings in the numbers of tests, by pool size, obtained by screening of pooled samples compared to that by regular screening of singleton samples. The prevalence rates appear to be the main limiting factor for obtaining benefits from the pooled screening method. This limitation is mostly evident in the context of large pools, due to the increased probability that they containing at least one infected donation. Therefore, smaller pools are expected to gain higher benefits. According to the data in Fig. 1 , in order to save at least 10 to 30% in the number of tests by testing pools of 6 to 12 samples, the prevalence rate in the donor population should not exceed 15/100. This is relevant to many countries, such as Malawi, the population of which has a seroprevalence of 10.7% (6); the Democratic Republic of Congo, the population of which has a seroprevalence of 6.4% (20); Zimbabwe, the population of which has a seroprevalence of 2.1%, as reported in 1988 (9); and India, the population of which has a seroprevalence of 0.06% (14) .
The following provides a calculation of the expected savings in the regions cited above. Here we used the more updated data provided by WHO and the Avert organization regarding the prevalence rates of HIV positivity in the general population in 2003 for the countries mentioned above (2, 3) . Thus, the maximum seroprevalence rates in Malawi, Congo, Zimbabwe, and India are assumed to be 14.2%, 4.2%, 24.6%, and 0.9%, respectively. The expected savings per test in these countries by performing screening of pools of six samples instead of singleton samples are $1.11 (Malawi), $2.89 (Congo), $0.10 (Zimbabwe), and $3.71 (India). Despite the worst scenario analyzed here, the benefit even in Zimbabwe remained positive. If we perform a brief sensitivity analysis of the HIV seroprevalence rates and slightly adjust them to obtain a rate for the blood donor population by artificially decreasing the prevalence rates by a factor of 5, the estimates of savings for one test will be $3.21, $3.73, $2.72, and $3.91, respectively, in the same countries.
The total annual estimated savings obtained by screening samples in pools for India, where 158 blood banks are known to annually collect and test about 1,028,000 blood units (31) , might amount to (1,028,000 ϫ 0.7732 ϫ $4.8) ϭ $3,815,278. In 
a The panels used in the experiments were PRB929A, PRB924, PRB951, PRB952, and PRB959 (BBI 1999-2001 catalog). b The threshold for a positive sample is an S/CO value of 0.8. c The delays listed with a greater than symbol (Ͼ) denote that in that specific pool size, a positive sample was not detected at all, but the delay is expected to be higher than the stated number of days. all, India has 449 blood banks (30) , and therefore, the overall national benefit is expected to be significantly higher.
The reduction in the number of new infections is expected to be proportionate to the increased benefits. This kind of calculation is more relevant for Africa, where screening for HIV is frequently partial and we can potentially increase the number of tested units. For instance, if the benefits expected for the entire continent are as in Malawi and equal 0.232 for each blood unit (Fig. 1) , then the number of blood units tested can increase by a factor of 1.3 [1/(1 Ϫ 0.232)], which in turn is expected to decrease the current proportion of transfusiontransmitted HIV by 0.768 (1 Ϫ 0.232). By following this logic, this proportion for Malawi is estimated to be 7.7% [10% (the midpoint for the proportion of new infections due to transfusion in the African region, estimated to be 5 to 15%) ϫ 0.768]. If we assume the same estimates for the entire continent and an annual number of 2.4 million new infections (24) , of which 240,000 are due to blood transfusions, then screening of pools of six samples is expected to prevent about 57,600 new HIV infections in Africa.
DISCUSSION
The aim of this study was to estimate the possible delay of anti-HIV antibody detection by ELISA testing of pools of serum samples and the additional risk of this method caused by an increased risk of an FN result for a donor at seroconversion stage. The availability of such an estimate would legitimate the use of screening of pooled samples in developing countries when an increased risk of FN is of concern.
The estimated delay in the time to detection of the first positive sample in pools of up to 24 samples did not exceed 2 days compared with the time to detection by screening of singleton samples. If the average incubation period for HIV is considered to be about 3 weeks (21 days), the delays observed for small pools of 6 to 12 samples each may not have a significant impact on the risk of transmission of HIV by transfusion.
The current investigation revealed that the risk of transfusion-transmitted HIV infection due to screening of pooled samples rather than screening of singleton samples does not exceed 9% of the baseline risk (defined as 1/1,067,000). Since the window period is considered the main reason that FN results are obtained (17) and the accuracy of screening of pooled samples was shown to be the same as that of screening of singleton samples, the overall risk from the screening of pooled samples is expected to be small.
The prevalence of a virus in a donor population seems to be a restricting factor for the implementation of screening of pooled samples in developing countries. This is because a higher prevalence increases the probability of having a positive sample in a pool and, therefore, the number of positive pools for which a full resolution will be needed. Thus, a scenario of screening of pools of 10 samples and a 10% prevalence of HIV infection is not expected to provide any benefits. According to the more accurate calculations performed in this study, when the prevalence rate in the donor population does not exceed 15%, screening of pools of 6 to 12 samples is expected to provide savings of up to 30% of tests. This is relevant to many countries, such as Malawi, (6) Congo, (20) India, (14) , and Zimbabwe (9) . According to our estimates, pooling of samples turns out to be highly beneficial, especially when the prevalence rates are adjusted to the rates in the donor population. Screening of pools of six samples can prevent thousands of new HIV cases after transfusion cases each year and save substantial expenditures, based on the worst scenario used in the cost analysis (Fig. 1) .
Although the sample size and prevalence rates of the virus involved in this analysis have the most crucial effects on the benefits from screening of pooled samples, other factors cannot be totally neglected if a more accurate estimate of benefits is needed. A more profound analysis should take into account the cost of treatment of the patients infected by transfusion of a blood donation containing the virus due to an FN result because the donor was in the seroconversion or a later period, work disability, and decreased life expectancy, as well as the altered testing procedure, the need for additional training of laboratory personnel, and a change in the time of the testing procedure. The lack of consideration of these factors in the current analysis is the study's main limitation. While discussing screening of pooled samples for anti-HIV antibodies, we cannot neglect the existence of NATs and their wide application in industrialized countries. Can the application of this analytically sensitive assay with very large pools be economically beneficial, despite its high cost for singleton samples? The authors see several problems with this solution, for instance, technical difficulties in performing NATs with large pools of samples, which require the collection of a large number of blood units daily; satisfactory training of the laboratory personnel; and the current level of technical support for the infrastructure. All of these are very hard to achieve under the conditions encountered in many developing countries.
On the basis of the rough estimates provided here, screening of pooled samples can be considered for use in developing countries where testing is not performed at all or only occasionally due to its high cost. In these countries, screening of blood donations will make transfusion safer, even though not all positive units will be detected. The implementation of such a methodology requires a change from the "all-or-none" concept and could serve as a bridge prior to implementation of testing of singleton samples in some developing countries.
